Incremental sheet forming is a technique that allows locally deforming a sheet by means of a movable punch. Even if it requires longer forming time and higher part geometrical tolerances with respect to traditional sheet forming techniques, it does not need dedicated devices and its accuracy can be improved adopting low cost full or partial dies. For these reasons, it results to a flexible technology and economically suitable for low volume batch productions such as pre-series, prototypes or high customised parts. These characteristics well fit with prosthesis manufacturing where each part is a unique product, indeed its geometry needs to meet the patient's physical characteristics. In the present paper, titanium ISF formed parts will be studied, in particular surface anodising pre-treatment effects on part finishing and biocompatibility are investigated.
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Introduction
Incremental sheet forming (ISF) (Jeswiet, 2001; Jeswiet et al., 2005 ) is a metal forming process which found a large development in the last two decades. Main characteristics of this technique are its high flexibility, short development time, material formability improvement and cost reduction. During the process, the sheet is kept in position by a blank holder while a machine, which is generally a CNC (Kopac and Kampus, 2005) or either a robot (Lamminen et al., 2004) or a self-designed device (Jeswiet et al., 2005) , moves a simple hemispherical tool along a predefined path deforming the sheet. Robots are characterised by a wide working range and make ISF process more flexible, but their lower sustainable working loads and stiffness make robots less precise than CNC machines. Due to its long manufacturing time, incremental forming (IF) results competitive when small production batches are considered (prototyping, pre-series) (Ambrogio et al., 2003) , while its main application markets are characterised by higher product unit cost, longer lead time, poor geometrical features and low tolerances. Therefore, customised products, such as medical prostheses (Ambrogio et al., 2005; Tanaka et al., 2005) represent an interesting market for ISF.
The casuistry of patients (Wehmoller et al., 2004) requiring cranial implants as consequence of traumata or diseases like tumour or osteomyelitis have become considerable (Gil et al., 2010) . Many studies are proposed in prosthesis manufacturing, in particular they show how computed tomography (CT) scans allow to obtain a full patient CAD geometrical definition (Gil et al., 2010) from which it is possible to extract a tailored geometry of the prosthesis. For titanium plate prosthesis manufacturing, technologies such as superplastic forming (SPF) (Gil et al., 2010) and multi-point forming (MPF) (Chen et al., 2006; Tan et al., 2007; Cai et al., 2009 ) are adopted to both reduce tooling costs and overcome the limitation deriving from the material cold formability.
If SPF requires material heating and MPF still shows sheet positioning problems, ISF is characterised by a higher cold formability and a good sheet clamping system. For these reasons, in this paper, it is discussed the possibility to use ISF for titanium plate prosthesis production. In particular, an experimental test campaign is performed in order to study the surface finishing and the biocompatibility of titanium ISF formed parts. Problems concerning galling will be showed, the effects of surface anodising pre-treatment will be described and biocompatibility tests will be described in order to evaluate the capability of ISF to realise titanium prosthesis.
Manufacturing individualised plate prosthesis by means of ISF
Medicine dispose today of a wide set of tools and devices to investigate and solve patient's diseases. In particular, CT represents a powerful tool for prosthesis production, since it allows to manufacture customised prosthesis for each patient. In fact, from CT results it is possible to identify the patient's disease (i.e., skull trauma, palate reconstruction), to extract a CAD model of his body and design a tailored prosthesis. From the prosthesis CAD model, if ISF is concerned, a tool path can be generated and the part formed. 
3 Experimental campaign
Equipment description
Experimental tests were conducted using a self-designed IF device mounted on a CNC milling machine (Attanasio et al., 2008) . The device is composed by a table, a spherical head punch and a die (Figure 2 ). The IF device [ Figure 2 (a)] is mounted on the CNC table and is held by load cells measuring the forming forces along the three main directions. Moreover, the presence of a movable blank holder and a frame for die clamping allows to form both positive and negative part geometries. Finally, the punch, mounted on the mandrel, is moved by the machine NC.
The geometry of the formed part [Figure 2(b) ] was chosen to be simple and representative of the process as already discussed in Fiorentino et al. (2010) , in particular it allows to form a part with a variable wall leaning (θ = 0-90°).
In the present study, the attention is focused on the part finishing therefore, in order to evaluate and compare the different tests, part surfaces were observed using a Mitutoyo CNC MMC (resolution 0.5m).
Once the specimens were observed, small portion were properly chosen and used to test the formed part biocompatibility. 
Preliminary tests and experimental campaign
In order to identify the proper process parameters to be adopted in the experimental campaign, preliminary tests were conducted using different parameters (lubrication, punch material and spindle velocity were considered) ( Table 1) . Since in all preliminary tests the part surface finishing was poor (see further), it was chosen the process parameter set that gave the better results and this set was adopted for the complete test campaign (Table 2) . 
Experimental results and discussion

Surface finishing
Preliminary tests results (Figure 3) showed that in all of the tested cases, it is possible to identify 4 different finishing zones (Zones 0 to 3):
Zone 0 Furnished finishing. Undeformed sheet.
Zone 1 Good finishing. Signs of the punch passes.
Zone 2 Bad finishing. Sheet shearing.
Zone 3 Worse finishing. Sheet galling.
Similar results are in agreement with what presented and discussed in Hussain et al. (2008).
Figure 3 Preliminary test results (see online version for colours)
Preliminary tests
Since the aim of this work is to study biocompatibility of ISF parts, even if these results are not satisfying under a technological point of view, they were accepted because they can represent an advantage for biological applications. In fact, a rough surface can be a good ground for the strength of cells-prosthesis substrate layer. For this reason, as compromise it was chosen the best technological solution identified in the preliminary tests for which the galling phenomenon can be considered acceptable. In particular, the best technological configuration adopted as reference test for anodising effects investigation was: AISI 52100 quenched steel punch with a rotational speed equal to 250 rpm and a graphitic oil as lubricant. The adopted tool path was a constant Z movement with constant step depth increment ΔZ = 0.1mm. In order to improve surface finishing, surface anodising treatment was considered. In particular, the anodising process was performed considering two different atmospheres: alkaline and acid (Table 2) . Results were evaluated in terms of surface finishing, evaluating the visual aspect and the roughness of the surface.
The specimens were observed with different microscope magnification (1× and 147×). The comparison with the untreated surface shows that the anodising in alkaline atmosphere does not give significant improvement in terms of surface finishing. In fact, in both cases, the transition to the different zones is very clear (magnitude 1×, Figure 4) . Moreover (magnitude 147×, Figure 5 ), the use of alkaline anodising causes the presence of surface ruptures also in Zone no. 1 that are not present in the untreated sheet. Contrary, the anodising process performed in acid atmosphere allows to obtain a more uniform surface finishing, in fact, it is possible to observe that the transition to the different zones is smoother (magnitude 1×, Figure 4 ) and, inside each zone, the finishing is more uniform and surface rupture appears only in Zone no. 3 (magnitude 147×, Figure 5 ).
Biocompatibility
The effect of surface finishing on cellular growth was evaluated considering respectively untreated titanium in Zones 1 and 3, while the effect of anodising was evaluated in the finishing Zone 3 (Table 3) . Tests were conducted taking small specimen from the formed part, they were sterilised with UVA lights and cellular growth tests were conducted according to ISO 10993-5:2009 standard. The cell cultures were kept in the incubator with laminar flow hoods and were observed after 3, 5 and 7 days in order to identify their growth.
Results are reported in Figure 6 and Figure 7 . In particular, in Figure 6 , it is possible to observe the results on the control culture (performed using standard substrate instead of Ti specimens) used to verify the effectiveness of the tests campaign and Figure 7 shows the results on the Ti ISFed specimens. In all the tests, at Day 3 the results show alive and regular cells, even if contamination occurred in AL anodising (Day 5) and in one of the control cell cultures (Day 7). Since contamination was observed both in Ti and control cultures, it is not possible to determine if it was due to the surface treatment (AL anodising) or to an external cause such as a bad specimen sterilisation.
The results in untreated sheet tests show a good cellular growth activity (higher cells density) in Zone 3 which is evident starting from the 5th day. This could derive from the non-treated surface and/or from the surface roughness that represents a better environment for cells growing.
Comparing the effect of surface treatment in Zone 3, it is possible to observe that initially (Day 3) cells grow faster on AC anodised titanium but further (Days 5 and 7) their number decreases. Moreover, AL anodising gives the worst results on Day 3, therefore, even if results on following days are not available due to culture contamination, it is possible that it would not gave good results.
Conclusions and further works
In the present work, an experimental campaign on CP titanium forming using ISF technique was performed. In particular, a simple reference geometry was formed in order to investigate the effects of anodising treatment on surface finishing (integrity and roughness) and on the part biocompatibility.
Results showed that it is possible to improve a part finishing using acid anodised surface sheets, even if the cellular growth showed to be improved by a rough substrate layer. Moreover, AC surface anodising did not give preliminary good results under a biocompatibility point of view. Finally, AL anodised surface showed to be worst condition for both surface finishing and cellular growth.
Since other factors have to be considered in order to evaluate a part biocompatibility (i.e., substrate layer strength), a deep investigation on the effects of surface finishing will be conducted. In particular, poor and good surface finishing part will be formed considering different surface treatments or punch materials (i.e., plastic or coated).
Once it will be identified the process conditions that give the best biocompatibility results, they will be adopted to produce an actual tailored prosthesis using patient's CT information.
